The UK Home Office test method for ballistic protective police body armours considers anterior torso impacts to be the worst case scenario and tests rear armour panels to the same standards as front panels. The aim of this paper was to examine the injuries from spinal behind armour blunt trauma (BABT) impacts. This study used a cadaveric 65 kg, female pig barrel and 9 mm Luger ammunition (9 x 19 mm, FMJ Nammo Lapur Oy) into HG1/A + KR1 soft armour panels over the spine. Injuries were inspected and sections removed for x-radiography and micro-CT assessment.
Introduction
Body armour covers the torso and can be tailored to protect wearers from a range of threats including fragmentation, sharp-weapons, low velocity (handgun) and high velocity (rifle) ammunition 1 . The most common armour worn by routine patrol officers is HG1/A + KR1 which provides protection from low velocity handguns and sharp weapons using a fabric based 'soft' solution 1 . The level of protection provided to the posterior torso is the same as the anterior. Non-perforating impacts onto body armour will often result in behind armour blunt trauma (BABT) 2, 3 . BABT refers to a non-penetrating injury which is the result of rapid deformation of body armour from a ballistic impact 2 . During BABT there is an initial compression wave (high amplitude, short duration) as the bullet impacts the armour and can result in injuries such as rib fractures and internal contusions. This is followed by a compression wave from the deformation of the rear face of the armour into the body which can cause skin abrasions and contusions 4, 5 . The deformation of the armour is used as a measure in body armour testing and is a record of the depth of an indentation formed in Roma TM Plastilina no. 1 clay when there is a non-perforating impact onto body armour mounted in front of the clay 6, 7 . The depth of this indentation is called the back face signature (BFS) and is typically hemispherical in shape. The standards for ballistic and knife resistant body armour for civilian law enforcement agencies in the UK are managed by the Home Office Centre for Applied Science and Technology (CAST). HG1/A body armour is currently tested against 9 mm and 0.357" ammunition at velocities within range of 365 ± 10 m/s and 390 ± 10 m/s respectively and has a maximum BFS depth of 44 mm for the armour to pass testing 7 . Many studies measure the BFS and attempt to correlate this to injuries in humans however there is no proven correlation between these two factors 8 . There are case studies of contusions from non-penetrating impacts onto body armour and reports of broken ribs however there have been no reports of BABT resulting in life threatening injuries 3,9 . Pencilling is an injury mechanism specific to BABT impacts onto soft body armour. Instead of the usual hemispherical BFS the body armour, and clothing underneath, form a more tapered deformation which penetrates into the soft tissue directly under the body armour 10 . The resulting injury can appear similar to a ballistic entry wound and has been noted during research into BABT as well as studied in its own right 10 .
Predominantly research into BABT has considered projectiles fired at the anterior rib cage and abdomen [2] [3] [4] [11] [12] [13] [14] [15] [16] [17] [18] and there is currently a limited understanding of the injury mechanisms involved in BABT impacts over the spine. Only three peer reviewed journal papers were found concerning BABT shots over the spine and they varied widely in armour type, ammunition, velocity and data measurements taken [19] [20] [21] .
Although human cadavers and live animals are occasionally used in ballistic testing there are considerable moral and ethical issues involved with both. Cadaveric pig tissue has been used frequently for both ballistic and medical research due to its similarities with human tissue and it has become an acceptable substitute for the human torso 9, [22] [23] [24] [25] .
The aim of this paper was to examine the injuries from spinal BABT impacts. This study used a 65 kg, female pig barrel and 9 mm Luger ammunition (9 x 19 mm, FMJ Nammo Lapur Oy) into HG1/A + KR1 soft armour panels over the spine. Injuries were inspected, and sections removed for x-radiography and micro-CT assessment.
Ethical approval for the work was granted by Cranfield University (approved 16/11/2016,
Materials and methods

Materials
A food grade, cadaveric pig barrel was collected on the morning of the test day.
A standard UK police polo shirt (50% polyester, 50% Nano Kool), and body armour carrier vest were used in combination with HG1/A + KR1 body armour test panels (fig 1) .
Figure 1: a) Typical police polo shirt with carrier vest over the top and b) standard UK ballistic test panel of HG1/A + KR1 body armour
The ammunition used was 9 mm Luger (9 x 19 full metal jacket; made by -Nammo Lapur Oy, 
Analysis
Photographs were taken of damage to the body armour and clothing and of the resulting wounds to the pig barrel using a Nikon D300 SLR digital camera with 55 mm lens.
Post ballistic testing debris was collected from the pig barrel wounds which were measured and photographed with a forensic scale. The barrel was then dissected, using scalpel and bolt cutters, by removing ribs and then cutting between vertebra at least one above and below the impact location. Damage to the polo shirt, carrier vests and body armour panels were also photographed and measured, bullets and fragments retrieved where possible and level of penetration into the armour noted.
The spine sections were frozen after dissection and defrosted 24 hr before being xradiographed (120 -130 kV, 45 -50 μA, 500 ms exposure, 64 frame average) and micro-CT scanned (100 kV, 45 μA, 500 ms exposure) using a Nikon Metris X-Tek XT H225 scanner.
Data was collected with Inspect-X software version 3.1.12 and analysed with VG Studiomax software version 2.1. Only those sections which showed fractures on x-radiographs or were believed to have interior damage from visual inspection were subject to micro-CT scanning.
Radiographs, micro-CT images and wound / debris photographs were reviewed by a military neurosurgeon (SH) who commented on the level of injury, potential recovery time and longterm outcomes.
Results
Impacts
The mean impact velocity for the five shots was 373 m/s (SD = 2) and all velocities were within the tolerances specified in the UK ballistic testing guidelines 7 (table 1) .
Shot four perforated the armour panel but the pig barrel shifted after set up and the shot impacted less than 50 mm from the edge of the armour and missed the spine, therefore this shot is not considered for the rest of this paper. The other shots were all deemed valid. 
Wounds
The mean thickness of the pig barrel soft tissue was 18 mm (SD = 5) at the neck end and 10 mm (SD = 1) at the pelvis end with thickest measurements (25 mm) over and beside the spine which is 10 times thicker than the soft tissue layers on an average human back 26, 27 .
All of the spine shots resulted in soft tissue wounds from the pencilling mechanism of the body armour. Measurements were taken for height, width and depth of the wounds (Table   1 ). Spine shot 2 resulted in the deepest wound at 41 mm and all wounds had fabric debris around the outer edges as well as embedded within (fig 6) .
Figure 6: Soft tissue wounds in the pig barrel from pencilling showing debris around outer edge as well as embedded inside, a) shot 5 and b) shot 2
Discussion
Medical review
The soft tissue wounds, created by the pencilling of the armour, perforated through the skin into the tissue beneath and were similar in appearance to fragment injuries seen in both Iraq and Afghanistan associated with explosive devices. The wounds would require surgery under general anaesthetic in order to remove debris and debride any dead tissue.
Depending on the level of debris found the wound may not be primarily closed, and instead delayed closure performed at 48 hours. The greatest risk to the patient is from infection if the wound was not debrided effectively during surgery and would need to be monitored closely. These wounds would be expected to be fully healed within two weeks and would require a course of anti-biotics and activity modification to allow healing. The extent of any contusions from these injuries is unknown as cadaveric tissue, albeit freshly killed, was used but it is expected there would be both external and possibly internal bruising at the impact point.
From the x-radiographs and micro-CT scans there was no evidence of spinal canal or cord damage for any of the shots. Spine shot two resulted in a spinous process fracture (fig 7) and spine shot three shows evidence of a bony injury to the anterior side of the vertebral body without any accompanying fracture through the body (table 1) and is believed to be un-associated damage. An isolated stable fracture of the spinous process is considered of minimal impact and is normally treated conservatively without medical intervention. The injury may cause pain on mobilisation for the first few weeks but recovery time would be anticipated to be around six -eight weeks for full healing. For each of the shots a full recovery would be expected.
Figure 7: Micro-CT slice through spine shot 2 showing fracture at base of spinous process
General discussion
To the best of knowledge this is the first time this particular research has been conducted in this manner and therefore the results cannot be directly compared to any other studies. The results do agree with the only other three papers found that contain an aspect of BABT impacts over the spine [19] [20] [21] . The soft tissue injuries seen during this research appear consistent with injuries formed by pencilling; a tapered mass of armour penetrating into the body. It is presumed that the reason for the formation of this injury type is the compact nature of the tissue on the back and the bony structure of the spine underneath. This does not allow a wider dissipation of the energy from the rear face of the armour such as may be gained from the soft, flexible abdomen or articulated ribs. This is reflected by the smaller soft tissue wounds from the anterior rib shots.
It is unknown if the spinous process fracture was a result of the initial impact or from the penetration of the armour into the soft tissue. It could be that the combination of these two mechanisms first weakened and then applied force to the spinous process causing the fracture. The bony fragment seen on shot three is on the anterior side of the vertebral body and although the exterior of that section showed no damage it is believed that this may be previous damage or a weakened area as there is no corresponding vertebrae process or body fracture and the fragment has come cleanly away.
Due to this different injury mechanism for posterior BABT impacts the recovery time required by an injured officer would likely be longer than that typically reported for anterior torso BABT [28] [29] [30] . The wounds are likely to require surgery and two weeks for full recovery and a police officer injured in this manner would also likely be on restricted duties for a period. Complications of infection from debris in the wound could extend this time further.
If there is a spinous process fracture then the recovery time increases to at least two months off work.
This research used a combination of standard police body armour and the lowest level threat tested by CAST (9 mm ammunition at approx. 365 m/s) and for each spine shot soft tissue injuries occurred. It is possible therefore that for the higher level threat for HG1/A (0.357 " ammunition at approx. 390 m/s) there may be even greater damage. CAST currently test front and rear armour panels under the same conditions and requirements which could mean that rear armour is not being tested with the correct BFS limits. The current BFS limit for HG1/A armour panels is 44 mm, the assumption being this would not result in serious injury if such an impact occurred on a human, yet spine shot two created a BFS of 41 mm which resulted in a fracture to the spine and deep soft tissue injury on a pig barrel.
Although there are many similarities between porcine and human tissue and bone there are also significant differences which should be addressed here:
 The human spine is closer to surface  Humans have thinner skin and typically less fat above the spine  Human spinous processes are smaller and thinner  The pig barrel is skeletally immature compared to an adult human It is likely that the BABT impacts seen in this study would inflict greater damage on a human than seen on the pig barrels. The pigs used in this study had skin and fat layers between five to ten times thicker than an average human's skin which is around 2.4 mm thick 26, 27, 31 . The thinner skin of humans will be broken more easily than pigs and give less resistance to penetration of the armour mass resulting in deeper soft tissue wounds. With the spine closer to the surface it could reduce the depth of soft tissue wounds on direct impacts over bone as it will be stopped sooner but this would increase the likelihood of a spinous process or vertebra fracture. The smaller size of human's spinous processes could give greater resilience to fracture as there is less surface area to impact but it is more likely that the thinner nature of the processes and their position closer to the surface would make them more susceptible to fracture. The smaller size of the spinous process also reduces protection for the vertebral body behind it. For the deepest wound seen in this study (41 mm) there would be a greater risk of more serious, unstable, vertebral fractures involving the vertebral body for humans. The skeletal immaturity of the pig means that the bone is more pliable than humans which could give the pig barrel greater resistance to fracture 32, 33 .
Limitations and considerations
The main limitation of the study is the small data size of four shots which places caveats on the conclusions that can be drawn. Further work is recommended looking at spinal BABT with these same armour / threat combinations.
The medical review was limited by artifacts within the micro-CT images due to the large amount of soft tissue, and associated water content, as well as some residual metal debris which affected the clarity. There were a limited number of radiographs taken either laterally or anterior -posterior meaning that other angles were not available to be viewed if needed.
This meant only clear fractures could be reported while smaller damage may have been missed.
Conclusions
HG1/A + KR1 soft armour BABT impacts over the spine result in a different injury mechanism and larger, deeper wounds compared to anterior soft armour BABT impacts and can require a longer recovery time and more serious medical intervention. The baseline rib shots resulted in commonly reported anterior BABT wounds as expected and shows the test method is effective. Impacts onto humans would most likely result in more serious injuries than those seen here on cadaveric pig tissue.
The current UK ballistic testing of rear armour panels to the same standard as front panels and a BFS limit of 44 mm does not take into account this different injury mechanism and the possibility of serious injury with BFS depths under 44 mm over the spine. Due to the difference in spinal BABT injury mechanism compared to anterior BABT impacts there should be a review of ballistic testing in regards to the possibility of different testing methods for rear armour panels or a consideration for lowering the HG1/A BFS from 44 mm down to 25 mm in line with all the other armour types tested.
